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Recently, significant enhancements of J/ψ production at very low transverse momenta were ob-
served by the ALICE and STAR collaboration in peripheral hadronic A+A collisions. The anomaly
excesses point to evidence of coherent photon-nucleus interactions in violent hadronic heavy-ion
collisions, which were conventionally studied only in ultra-peripheral collisions. Assuming that the
coherent photoproduction is the underlying mechanism which is responsible for the excess observed
in peripheral A+A collisions, its contribution in p+p collisions with nuclear overlap, i.e. non-single-
diffractive collisions, is of particular interest. In this paper, we perform a calculation of exclusive
J/ψ photoproduction in non-single-diffractive p+p collisions at RHIC and LHC energies base on the
pQCD motivated parametrization from world-wide experimental data, which could be further em-
ployed to improve the precision of phenomenal calculations for photoproduction in A+A collisions.
The differential rapidity and transverse momentum distributions of J/ψ from photoproduction are
presented. In comparison with the J/ψ production from hadronic interactions, we find that the
contribution of photoproduction is negligible.
In ultra-relativistic heavy-ion collisions, one aims at
searching for a new form of matter - the Quark-Gluon
Plasma (QGP), which was predicted by the lattice Quan-
tum Chromodynamics (QCD) calculation [1], and study-
ing its properties in laboratory. Among the probes of
QGP, J/ψ suppression in hadronic heavy-ion collisions
with respect to that in elementary p+p collisions has
been suggested as a “smoking gun” signature of QGP for-
mation [2] due to the color screening effect in the decon-
fined medium. J/ψ can also be generated by the intense
electromagnetic fields accompanied with the relativistic
heavy ions via coherent photoproduction [3]. The coher-
ently produced J/ψ are expected to probe the nuclear
gluon distribution at low Bjorken-x [4], for which there
is still considerably large uncertainty [5]. Conventionally,
the associate physics extracted from J/ψ photoproduc-
tion and hadronic production belong to different subject
field, and they are studied in ultra-peripheral collisions
(UPC) and hadronic collisions individually. In UPC, only
photoproduction and related physics were studied, since
there is no hadronic interaction; analogously, in hadronic
collisions, only hadronic production was expected, in
which the coherent photoproduction was prohibited due
to the “coherent” requirement.
Is the coherent photoproduction really prohibited in
hadronic collisions, where the violent strong interactions
occur? Recently, a significant excess of J/ψ production
at very low transverse momentum (pT < 0.3 GeV/c) has
been observed by the ALICE collaboration in peripheral
hadronic Pb+Pb collisions at forward-rapidity [6], which
can not be described by the hadronic production modi-
fied by the hot and cold medium effects. STAR made the
same measurements in Au+Au collisions at
√
sNN = 200
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GeV and U+U collisions at
√
sNN = 193 GeV [7], and
also observed significant enhancements at very low pT in
peripheral collision. The observed excesses reveal char-
acteristics of coherent photoproduction and can be quan-
titatively explained by the theoretical calculations with
coherent photon-nucleus production mechanism [8–10],
which strongly suggests the existence of coherent pho-
toproduction in hadronic collisions. If coherent photo-
production is the underlying mechanism responsible for
the observed excesses in hadronic A+A collisions, how
about its contribution in hadronic p+p collision? Can
we observe the excess originated from the same produc-
tion mechanism in hadronic p+p collisions? If the con-
tribution is significant, it would affect the pp baseline
used for nuclear modification factor (RAA) of J/ψ, which
would further bias our understanding of QGP extracted
from J/ψ suppression measurements. In this paper, we
perform a calculation of exclusive J/ψ photoproduction
in non-single-diffractive (NSD) p+p collisions at RHIC
and LHC energies. The differential rapidity and trans-
verse momentum distributions of J/ψ from photoproduc-
tion are presented, which will be compared to those from
hadronic production.
According to the equivalent photon approximation, the
photoproduction rate in p+p collisions can be factorized
into two part: the photon flux, and the photon-proton
cross section. The cross section can be written as:
σ(p+ p→ p+ p+J/ψ) =
∫
dωn(ω)σ(γp→ J/ψp), (1)
where ω is the photon energy, n(ω) is the photon flux at
energy ω, and σ(γp → J/ψp) is the photonuclear inter-
action cross-section for J/ψ.
The photon flux induced by proton can be modelled us-
ing the Weizsa¨cker-Williams method [11]. For the point-
like charge distribution, the photon flux is given by the
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n(ω, r) =
d3N
dωd2r
=
Z2α
pi2ωr2
x2K21 (x) (2)
where n(ω, r) is the flux of photons with energy ω at dis-
tant r from the center of proton, α is the electromagnetic
coupling constant, x = ωr/γ, and γ is lorentz factor.
Here, K1 is a modified Bessel function. The point-like
assumption is appropriate in UPC, however, in NSD col-
lisions, the two colliding protons come very close to each
other, the proton internal structure should be taken into
account. A generic formula for any charge distribution
can be written as [11]:
n(ω, r) =
4Z2α
ω
∣∣∣∣ ∫ d2q⊥(2pi)2 q⊥F (q)q2 eiq⊥·r
∣∣∣∣2
q = (q⊥,
ω
γ
)
(3)
where the form factor F (q) is Fourier transform of the
internal charge distribution in proton. A dipole form is
employed to describe the form factor of proton, defined
as:
F (q) =
a4
(q2 + a2)2
(4)
where the parameter a is related to the root mean square
charge radius of the proton (rp: 0.8768 ± 69 fm [12]).
Fig. 1 shows the two-dimensional distributions of the
photon flux induced in p+p collisions at
√
s = 200 GeV
as a function of distant r and energy w with the dipole
form factor for proton. One can observe that the photon
flux drops rapidly toward r → 0 inside the proton.
r (fm)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 
(GeV)ω
0 0.2
0.40.6
0.81
1.21.4
1.61.8
2
]
-
2
 
fm
-
1
r 
[G
eV
2
 
d
ω
N
/d
3 d
-710
-610
-510
-410
-310
FIG. 1. Two-dimensional distributions of the photon flux in
the distant r and in the energy of photon ω for p+p collisions
at
√
s = 200 GeV
The photoproduction cross sections, σ(γp → J/ψp),
depend on the gluon density in the proton [32]. At mid-
rapidity, J/ψ production is sensitive to gluon with x down
to 1.5×10−2 at RHIC and 6×10−4 at the LHC. However,
there is still large uncertainty at such x region for differ-
ent PDF sets. In this calculation, we use the world-wide
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FIG. 2. Exclusive J/ψ photoproduction cross section as a
function of Eγp from world-wide experimental measurements.
The black solid line with grey band on top of it represents the
parametrization discussed in the text.
TABLE I. Summary of references for world-wide data.
experiment σ b collision system
ALICE [13, 14] p-Pb/pp
LHCb [15, 16] [16] pp
H1(2013) [17] [17] ep
H1(2005) [18] [18] ep
H1(2000) [19] [19] ep
ZEUS [20] [20] ep
EMC [21] [21] µ
BPF [22, 23] µ Fe
E516 [24] [24] γ p
E401 [25] [25] γ p/d
E87 [26, 27] γ Be
E25 [28] [28] γ d
SLAC [29] γ d
Cornell [30] γ Be
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FIG. 3. The rapidity distribution, dσ/dy, of produced
J/ψ from photoproduction in NSD p+p collisions at
√
s =
200 GeV. The solid line is the total production, while the
dashed/dotted lines represent the individual cross section con-
tributions from the two beams.
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FIG. 4. The differential cross section of J/ψ from hadronic production and photoproduction as a function of rapidity in p+p
collisions at
√
s = 0.2 (left panel), 2.76 (middle panel), and 5.02 TeV (right panel), respectively. The red dashed lines are
predictions from photoproduction; the black solid lines with gray bands represent cross sections from hadronic production. The
hadronic contributions are from parameterizations in Ref [31].
 (GeV)pγE
1 10 210 310
)
-
2
 
(G
eV
b
1
2
3
4
5
6
7
8
LHCb 
H1 2013
H1 2006
H1 2000
-e+ZEUS e
-µ+µZEUS 
EMC
E516
E401
E25
/NDF = 67.8/362χ
 0.3± = 1.1 0C
 0.06± = 0.73 1C
pγlnE1+C0b = C
pψJ/→pγ
FIG. 5. The slope parameter (b) of exclusive J/ψ photopro-
duction as a function of Eγp from world-wide experimental
measurements. The black solid line with grey band repre-
sents the parametrization discussed in the text.
experimental data on exclusive J/ψ photoproduction to
do the parametrization for cross section estimates. The
measurements of J/ψ photoproduction have been per-
formed for more than forty years. In such a long pe-
riod, different experimental techniques have been utilized
and different input information was available at the time
of measurements. For example, the branching ratio of
J/ψ → e+e− or (µ+µ−) have changed with time. To
compare the different experimental results on an equal
footing, all the measurements are updated with the latest
branching fractions (5.961± 0.032% for J/ψ → e+ + e−,
5.971 ± 0.032% for J/ψ → µ+ + µ−) [33]. The treated
cross section as a function of γp center of mass energy
(Eγp) is shown in Fig. 2. The data are fitted using the
following pQCD motivated expression [34]:
σ (Eγp) = C0
(
1−
(
mp +MJ/ψ
)2
E2γp
)1.5(
E2γp
1002GeV2
)δ
(5)
The values of the free parameters C0 and δ are de-
termined from the fit, resulting in C0 = 80.2 ± 0.9
nb and δ = 0.321 ± 0.005. The parametrization with
the most complete experimental data could also be em-
ployed to improve the precision of phenomenal calcula-
tions for photoproduction in A+A collisions such as [8–
10, 35, 36]. As shown in the figure, the parameterization
describes the experimental measurements very well with
χ2/NDF = 113.6/116. The references of the data are
summarized in Table I.
To efficiently relate the NSD cross section to its cor-
responding region in impact parameter space, a purely
geometrical picture is employed in the calculation:
σNSD =
∫ bmax
0
2pibdb = pib2max (6)
In this paper, we perform calculations in NSD p+p colli-
sions at
√
s = 0.2, 2.76 and 5.02 TeV, the corresponding
NSD cross sections are 30, 50,and 56 mb [37], respec-
tively.
With the convolution of equivalent photon spectra and
elementary γp → J/ψp cross section, the probability to
produce a J/ψ with rapidity y for a collision at impact
parameter b can be given by:
dP (y, b)
dy
= ωN(ω, b)σγp→J/ψp(Eγp) (7)
where N(ω, b) is the effective photon flux with impact
parameter b at photon energy ω. The effective photon
flux, N(ω, b), can be expressed through the photon flux
induced by one proton and effective strength for the pho-
ton with the second proton:
N(ω, b) =
∫
n(ω, r)
θ(rp − (|~r −~b|))
pir2p
d2r (8)
where b is the impact parameter between the two collid-
ing protons, r is the distant from the proton which emits
the photon, and the extra θ(rp−(|~r−~b|)) ensures collision
when the photon hits the proton. The photon energy, ω,
can be determined from the rapidity of J/ψ, y:
ω =
1
2
MJ/ψe
y (9)
One complication is that either beam particle is equally
likely to produce the photon; the cross sections for these
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FIG. 6. The differential invariant cross section of J/ψ from hadronic production and photoproduction as a function of transverse
momentum in p+p collisions for mid-rapidity (|y| < 1) at √s = 0.2 (left panel), 2.76 (middle panel), and 5.02 TeV (right panel),
respectively. The red dashed lines are predictions from photoproduction; the black solid lines with gray bands represent cross
sections from hadronic production. The hadronic contributions are from parameterizations in Ref [31].
two possibilities from two beam directions are added:
dσ
dy
=
∫ bmax
0
(
dP (y, b)
dy
+
dP (−y, b)
dy
)2pibd2b (10)
where bmax can be obtained from Eq. 7. Figure 3 shows
the calculated rapidity distribution, dσ/dy, of produced
J/ψ from photoproduction in NSD p+p collisions at√
s = 200 GeV. The solid line is the total production,
while the dashed/dotted lines represent the individual
cross section contributions from the two beam protons.
The rapidity distribution is determined by the evolution
of photon flux with photon energy ω and elementary γp
cross section with center of mass energy Eγp at different
rapidities.
Figure 4 shows the differential cross section of J/ψ from
hadronic production and photoproduction as a function
of rapidity in p+p collisions at
√
s = 0.2 (left panel), 2.76
(middle panel), and 5.02 TeV (right panel), respectively.
The red dashed lines are predictions from photoproduc-
tion. The calculations are performed in NSD collisions, in
which there exists violent strong interactions to produce
J/ψ. The black solid lines with gray bands in the plots
represent J/ψ cross sections from hadronic production.
The hadronic contributions are extracted from param-
eterizations using the world-wide experimental data, as
described in Ref [31]. The rapidity distributions from
photoproduction are different in different collision ener-
gies due to evolution of the two component structures
(shown in Fig. 3) from the two beam directions. In com-
parison with the contribution from hadronic interactions,
the yield from photoproduction is several orders of mag-
nitude lower, which makes it very difficult to detect the
possible J/ψ photoproduction in NSD p+p collisions.
Could we observe an excess of J/ψ at low pT in NSD
p+p collisions similar to those in peripheral A+A colli-
sions? Although the total cross section from photopro-
duction is very small in comparison to that from hadronic
contribution, the J/ψ from photoproduction is mainly
produced at low pT , which may gain certain significance.
The J/ψ pT from photoproduction in p+p collisions de-
pends on the pT of the photon and the pT acquired when
the vector meson is created; and the latter is dominant.
The pT of the photon induced by proton can be given by
the equivalent photon approximation [11]:
d2Nγ
d2~kγ⊥
= K0
F 2γ (
~kγ)~k
2
γ⊥
(~k2γ⊥ + ω2γ/γ2c )2
(11)
where Fγ(~kγ) is the form factor of proton used previously,
K0 is the dimensionless normalization factor, and ~kγ⊥ is
the transverse momentum of the photon. The pT from
the vector meson production can be estimated from the
world-wide pT differential cross section measurements.
The measured pT distributions can be phenomenally de-
scribed by:
dσ
dpT
= N0pT e
−bp2T (12)
where N0 is the dimensionless normalization factor, b is
the slope parameter depending on the γp center of mass
energy (Eγp). Fig. 5 shows the slope parameter (b) of
exclusive J/ψ photoproduction as a function of Eγp from
world-wide experimental measurements. The references
of the data are summarized in Table I. The black solid
line with grey band represents the parametrization dis-
cussed in the following. Within the framework of Regge
phenomenology [38], the slope parameter b should in-
crease logarithmically with Eγp. Therefore the data are
fitted using the following expression:
b = C0 + C1lnEγp (13)
where C0 and C1 are free parameters. The corresponding
Eγp is uniquely determined by the rapidity of J/ψ and
the collision energy of pp system. As demonstrated in
the figure, the expression describes the data reasonably
well. We assume that the photon pT and that from vector
meson production are randomly oriented.
Figure 6 shows the differential invariant cross section
of J/ψ from hadronic production and photoproduction
as a function of transverse momentum in p+p collisions
for mid-rapidity (|y| < 1) at √s = 0.2 (left panel), 2.76
(middle panel), and 5.02 TeV (right panel), respectively.
The red dashed lines are predictions from photoproduc-
tion; the black solid lines with gray bands represent
cross sections from hadronic production. The hadronic
5contributions are extracted from parameterizations us-
ing the world-wide experimental data, as described in
Ref [31]. As depicted in the figure, even at pT → 0, the
photoproduction contribution is several orders of magni-
tude smaller than that from hadronic interactions, which
means that the excess originated from photoproduction
at low pT is not visible in NSD p+p collisons at RHIC
and LHC energies. However, this is a good news for the
current RAA measurements for very low pT in A+A col-
lisions at RHIC and LHIC, since the used pp baseline for
such pT region are from extrapolations utilizing the rel-
ative high pT measurements, which ignores the possible
excess originated from photoproduction.
In summary, we perform a calculation of exclusive J/ψ
photoproduction in NSD p+p collisions at RHIC and
LHC energies. The differential rapidity and transverse
momentum distributions of J/ψ from photoproduction
are presented. In comparison with the J/ψ production
from hadronic interactions, the contribution of photo-
production is negligible, which suggests that, in contrast
with the case in peripheral A+A collisions, the excess
of J/ψ yield from photoproduction is not visible in NSD
p+p collisions.
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